Upgrading conventional single-stage mesophilic anaerobic digestion to an advanced digestion technology can increase sludge stability, reduce pathogen content, increase biogas production, and also increase ammonia concentrations recycled back to the liquid treatment train. Limited information is available to assess whether the higher ammonia recycle loads from an anaerobic sludge digestion upgrade would lead to higher discharge effluent ammonia concentrations. Biowin, a commercially available wastewater treatment plant simulation package, was used to predict the effects of anaerobic digestion upgrades on the liquid train performance, especially effluent ammonia concentrations. A factorial analysis indicated that the influent total Kjeldahl nitrogen (TKN) and influent alkalinity each had a 50-fold larger influence on the effluent NH3 concentration than either the ambient temperature, liquid train SRT or anaerobic digestion efficiency. Dynamic simulations indicated that the diurnal variation in effluent NH3 concentration was 9 times higher than the increase due to higher digester VSR. Higher recycle NH3 loads caused by upgrades to advanced digestion techniques can likely be adequately managed by scheduling dewatering to coincide with periods of low influent TKN load and ensuring sufficient alkalinity for nitrification.
Introduction
Municipal wastewater treatment plants produce primary and secondary sludges in the process of treating the liquid wastewater. These sludges are often treated by mesophilic anaerobic digestion (AD) before being dewatered and taken off-site for disposal or reuse. The dewatering process generates a filtrate high in soluble and suspended organics and nutrients (nitrogen and phosphorus) which is usually recycled to the liquid train of the wastewater treatment plant.
This recycle volume is generally small compared to the liquid train influent flow, but the concentration and form of the constituents in the recycled liquid are different from, and not in direct proportion to, those in the plant influent (U.S. EPA 1987) . For example, dewatering filtrate can have a BOD5 of 200 to 2000 mg/L, TSS of 200 to 20,000 mg/L (U.S. EPA 1987) and ammonia of 400 to 2000 mg/L (Constantine et al. 2003) . Recycle streams can cause process upsets, contribute to violations of discharge limits, and increase costs if they are not considered in the overall process design (U.S. EPA 1987) . Traditionally, only BOD5 and TSS recycle loads were assessed (U.S. EPA 1987; Metcalf and Eddy Inc. 2003) , but the ammonia-nitrogen recycle load can contribute an additional 15 to 30% to the liquid train ammonia load (Constantine et al. 2003) and can have some of the most significant impacts (Daigger 1998; Grady et al. 1999 ). In addition, the timing and frequency of sludge dewatering influences the instantaneous recycle load (U.S. EPA 1987; Daigger 1998; Constantine et al. 2003) .
Conversion of conventional mesophilic anaerobic digestion processes to one of the advanced anaerobic digestion technologies (e.g., thermophilic, temperaturephased, acid-gas phased, etc.) is increasingly being considered in order to increase sludge stabilization and reduce pathogen content (Shimp et al. 2000; Schafer et al. 2003) . In addition, optimization of the digestion process to increase volatile solids reduction (VSR) will increase biogas production (Metcalf and Eddy Inc. 2003) thereby allowing greater energy recovery opportunities.
Conventional mesophilic digestion can provide VSRs in the range 40 to 50% depending on the solids retention time (SRT) (WEF and ASCE 1998) , but the actual VSR can be greatly affected by feed sludge characteristics such as the ratio of primary to waste-activated sludge (Schafer and Farrell 2000) . Advanced digestion technologies can provide greater volatile solids destruction over singlestage mesophilic at the same SRT or the same VSR at much lower SRT (Schafer and Farrell 2000) . For example, upgrading from mesophilic sludge digesters to thermophilic digesters at the Terminal Island Treatment Plant (Los Angeles, California) increased the VSR by 9% (Ahring et al. 2002) , upgrading to temperature-phased digestion (thermophilic-mesophilic) increased overall VSRs by 15 to 20% (Schafer and Farrell 2000) , and upgrading to acid-gas phased digestion (all mesophilic) at Woodridge-Green Valley wastewater treatment plant (DuPage County, Illinois) increased overall VSRs from <40% (20 d SRT) to 50% (2 d acid phase and 16 d gas phase SRTs) (Schafer and Farrell 2000) .
In general, the magnitudes of the nitrogen and phosphorus recycle loads cannot be determined a priori because of site-specific factors, such as influent characteristics, sludge nutrient content and plant operating conditions (Jeyanayagam and Husband 2002) . However, it is known that the ammonia and phosphorus concentrations in the digested sludge will increase when upgrading from an existing conventional mesophilic digestion system to an advanced digestion technology with higher VSR (Schafer et al. 2003) . This is because the nitrogen and phosphorus release is proportional to volatile suspended solids (VSS) destruction (Daigger 1998; Jeyanayagam and Husband 2002) . Higher recycle ammonia loads due to advanced digestion upgrades have caused concern over meeting current or future ammonia discharge limits (Schafer et al. 2003) .
The assumption has been that higher recycle ammonia loads would indeed increase effluent ammonia concentrations. However, this assumption has not been carefully tested. There is limited information available to assist the process designer in assessing whether the higher ammonia recycle loads from a given anaerobic sludge digestion upgrade would in fact lead to higher liquid train effluent ammonia concentrations. Therefore, the objectives of this study were twofold: (i) to determine the relative influence of influent and plant operating conditions on the liquid train effluent ammonia concentration, and (ii) to determine the conditions under which the increased ammonia recycle load caused by an upgrade to advanced digestion techniques may be assimilated.
Methodology

Approach and Baseline
The objectives were achieved through the use of computer-based modelling and simulation. Computer modelling is an important tool in both wastewater treatment research (Bagley and Brodkorb 1999) and engineering practice (Solley and Barr 1999; Makinia et al. 2002) . The use of modelling in the current work allowed for the analysis of time-varying changes in constituent concentrations and analysis of interactions between the anaerobic digester performance and the liquid train performance without requiring iteration or simplifying assumptions as might be required for manual methods. The computer modelling software used was the Biowin32 Process Simulator (version 1.2.1., EnviroSim Associates, Dundas, Ontario, Canada) . Figure 1 shows the Biowin layout of the wastewater treatment plant that was analyzed. The liquid train included primary clarification, a two-stage activated sludge system, and secondary clarification. Two bioreactors in series were used to approximate plug-flow. The sludge processing train included gravity thickening for the waste-activated sludge, anaerobic digestion of the combined primary plus thickened waste-activated sludge, and dewatering of the digested sludge. The dewatering filtrate was recycled to the head of the liquid treatment train. An alternate influent stream, labelled "NH3 addition" on Fig. 1 , was used to artificially increase the ammonia-nitrogen and alkalinity concentrations in the recycle stream beyond that achievable through modifications of the anaerobic digester unit process alone.
The raw wastewater composition and unit processes were configured to be typical for a Canadian nitrifying activated sludge wastewater treatment plant. The baseline configurations of the Biowin unit processes were based on data available in traditional process design textbooks (Grady et al. 1999; Metcalf and Eddy Inc. 2003) . Table 1 . The anaerobic digester had a volume of 1080 m 3 to provide a 20-d SRT, the depth was 17 m, pH 7.00, headspace gas CO2 fraction was 0.35, headspace pressure was 101.33 kPa and the temperature was 35°C. The "Heterotroph Kinetic Hydrolysis Rate (AD)" model parameter was set at 0.7 d -1 to provide a VSR of approximately 47%. The "NH3 addition" unit process had a flow rate of 1.0 m 3 /d for all configurations, including the configurations where the ammonia and alkalinity concentrations were set to zero, so that the total recycle volumetric flow rate was the same for all cases. The NH3 and alkalinity values were set to zero for the baseline configuration. The global project temperature was 15°C which applied to all unit processes except the anaerobic digester. The "N in biomass" global model parameter for autotrophic, heterotrophic and polyphosphate organisms was changed to 0.087 mg N/mg COD to reflect the theoretical cell formula C5H7O2N. All other parameters not listed were kept as the default values provided in version 1.2.1 of Biowin.
Simulating Advanced Digestion using Biowin
The volatile solids reduction is the most common criterion used to assess anaerobic digestion performance, which in the current work was calculated by the approximate mass balance method (Schafer et al. 2003) . Volatile suspended solids (VSS) were used as a surrogate for volatile solids (VS) in the anaerobic digester because Biowin does not report VS. This approximation was justified because the soluble chemical oxygen demand (COD) in both the digester feed and effluent was 1% or less of the total COD as reported by Biowin for the baseline configuration.
The Biowin anaerobic digestion model is based on the four population model concept (EnviroSim Associates Ltd. 2001). Heterotrophs ferment readily degradable COD into acetic and propionic acids and hydrogen gas, propionic acetogens degrade propionic acid to acetic acid and hydrogen, hydrogenotrophic methanogens convert hydrogen to methane, and acetoclastic methanogens cleave acetic acid to methane and carbon dioxide. The model also includes processes for the release of nitrogen and phosphorus into solution and struvite precipitation. The Biowin anaerobic digester element is capable of simulating the majority of full-scale anaerobic digesters, which are completely mixed mesophilic anaerobic digesters.
In Biowin version 1.2.1., simulating the numerous advanced digestion technologies is not straightforward. For example, the maximum temperature allowed for the anaerobic digester element is 35°C so simulating thermophilic digesters is not possible by simply adjusting the temperature. Two options for modelling advanced digestion technologies in Biowin include: (i) modification of the built-in anaerobic digester element model parameters, and (ii) implementation of a new anaerobic digestion model, for example the International Water Association's Anaerobic Digestion Model #1 (Batstone et al. 2002) , using the grey box model element. The first option, altering the built-in AD element model parameters, was sufficient to achieve the objectives of the current work because only the overall performance of the digester in terms of VSR was needed. Implementing a new model using the grey box element would provide detailed information on the VFA and biomass distributions which were not required.
The anaerobic digester element model parameter "Heterotroph Kinetic: Hydrolysis Rate (AD)" was varied in order to achieve different volatile solids reductions. As shown in Fig. 2 , the VSR and the Hydrolysis Rate (AD) model parameter were linearly correlated for hydrolysis rates between approximately 0.5 and 1.0 d -1 . This range of hydrolysis rates allowed for VSRs in the range usually . It was assumed that changing the anaerobic digestion VSR was sufficient for describing the solubilization of particulate nitrogen. Other processes arising from differences between conventional mesophilic digestion and a given advanced digestion technique (e.g., higher rate of ammonia volatilization at thermophilic temperatures) were not modelled and were assumed to have a minor influence on the digestate soluble ammonia nitrogen concentration compared with the digester VSR.
Process Configurations
The baseline treatment system was a nitrifying activated sludge liquid train with mesophilic anaerobic digestion solids train. An Advanced Digestion configuration was also used whereby the Hydrolysis Rate (AD) model parameter was increased in order to obtain volatile solids reductions greater than that obtained using the baseline configuration. In addition, three other cases were also modelled, referred to as Nitrification Capacity, Factorial Analysis, and Dynamic which are discussed in more detail below. The Biowin parameters that were changed for each of the cases are summarized in Table 2 . All parameters, other than those listed in Table 2 , were held constant at the values listed above for the baseline configuration.
Nitrification Capacity
The highest recycle NH3 concentration that could be achieved by increasing the Hydrolysis Rate (AD) parameter was approximately 800 mg-N/L. It is possible that recycle NH3 concentrations for a full-scale facility could be much higher due to differences in sludge characteristics and process design and operation. Therefore, higher recycle NH3 loads were achieved by artificially increasing the ammonia concentration in the dewatering recycle stream using the alternate influent stream NH3 addition (Fig. 1) . The recycle alkalinity was also artificially increased proportionally to NH3 using the value 0.0714 mmol-alkalinity/mg-N as determined by the ratios of NH3 and alkalinity concentrations in the digestate for the baseline configuration. The NH3 addition concentration was adjusted as per Table 2 to achieve a recycle NH3 concentration reaching the liquid train within the range 300 to 3000 mg-N/L. To investigate the effect of nitrification capacity for assimilating the increasing recycle ammonia loads, four cases were examined based on the oxygen and alkalinity conditions in the activated sludge process components. "Low" and "sufficient" O2 levels corresponded to air supply rates of 1875 and 2250 m 3 /h, respectively, and "low" and "sufficient" alkalinity corresponded to 2 and 4 mmol/L, respectively. The air supply rates were selected by trial and error to provide variation in the dissolved oxygen concentration over the range of recycle ammonia loads examined.
Factorial Analysis
Five parameters were screened for their impact on the liquid train effluent ammonia nitrogen concentration using a factorial analysis. Factorial analysis using simulation is a quick and efficient method of evaluating the response of a system to changes in several factors (Elliott et al. 2000) . A single factorial experiment is more efficient than multiple experiments when trying to assess the effects of multiple factors on a response, and it also provides information on interactions between factors (Montgomery 2001) .
A full 2 5 factorial experiment (32 runs) was performed using the following 5 factors: ambient temperature, liquid train SRT, influent alkalinity, influent total Kjeldahl nitrogen (TKN), and the anaerobic digester element model parameter Hydrolysis Rate (AD). The first four factors were chosen because they influence the nitrification performance of the liquid train (Metcalf and Eddy Inc. 2003) . The last factor, anaerobic digestion hydrolysis rate, was chosen because it affected the anaerobic digester performance and in turn changed the recycle ammonia concentration. As discussed above, the digester VSR varied with the hydrolysis rate. To standardize the analysis, the factor levels were coded to be +1 when at their high level and -1 when at their low level. The five factors and their factor levels are summarized in Table 3 . The influent TKN and alkalinity factor levels were chosen as representative of the normal variation observed for different sewages (Metcalf and Eddy Inc. 2003) . The high level of the hydrolysis rate was chosen to provide as large an increase in VSR as possible.
The low and high temperatures were chosen as representative of the temperature change seen in Canadian sewage and the low and high SRTs allowed some variation while still providing nitrification.
For the factorial analysis, the effects and sums of squares for the main factors and all interactions were calculated using orthogonal contrasts to determine the interactions that could be dropped from the analysis of variance (Montgomery 2001 ). This step was necessary because the use of simulation for a factorial experiment only results in a single replicate, which does not leave any degrees of freedom available for the estimation of error. The interactions that contributed ≥0.15% to the total sum of squares were retained for the analysis of variance (ANOVA). These were then confirmed as important with normal probability diagrams. The ANOVA was performed using SAS (version 8.02, SAS Institute, Cary, N.C.) with a reduced model composed of the main factors and the interactions retained from the effects analysis.
Dynamic
A dynamic simulation was carried out to investigate the effect of diurnal influent variations on the liquid train effluent ammonia concentration. The time-varying influent flow and constituent concentrations, summarized in Table 4 , were derived from Metcalf and Eddy Inc. (2003) . The peak factor was 1.4 for both the flow and influent TKN. Simulations were carried out using either a Hydrolysis Rate (AD) of 0.7 or 5.0 d -1 which corresponded to average daily VSRs of 47% and 66%, respectively. The model was run for 4 simulation days to ensure steady-state was reached.
Results
Baseline and Advanced Digestion Cases
For the baseline case, Biowin simulated a digester VSR of 47.3% and recycle concentrations of 597 mg BOD/L, 1652 mg TSS/L, 527 mg-N/L of ammonia, 36.9 mmol/L of alkalinity and 232 mg-P/L of phosphate. Although the total recycle flow of 49.8 m 3 /d was only 0.5% of the influent flow, the recycle mass loadings (as a percentage of the influent mass loadings) were 14% for ammonia and 33% for phosphate but only 2% for BOD and 4% for TSS. These values were similar to those reported by Constantine et al. (2003) for dewatering centrate and confirm that nitrogen and phosphorus are the constituents of concern in recycle streams from anaerobic digestion (Daigger 1998; Grady et al. 1999) .
The simulated effluent concentrations were 4.6 mg BOD/L, 9.5 mg TSS/L, 0. ammonia (Ontario MOE 1994) , therefore the system modelled here provided a typical effluent (the effluent phosphorus was high because there were no phosphorus removal processes included in the simulation layout).
For the advanced digestion case, the Hydrolysis Rate (AD) model parameter was increased to 0.8, 0.9 and 1.4 d -1 which increased the digester VSR to 55.9%, 62.0% and 65.4%, respectively. Figure 3 shows the variation of recycle BOD, TSS, ammonia, alkalinity and total phosphorus concentrations with higher VSR. As expected, as the VSR increased the recycle BOD and TSS concentrations decreased because of solubilization and methane production, while the ammonia, total phosphorus and alkalinity concentrations increased due to solubilization. The slopes of the ammonia and alkalinity lines were nearly identical because the destruction of one mole of organic nitrogen produces one mole of ammonium and one mole of bicarbonate alkalinity (Rittmann and McCarty 2001) . Figure 4 shows a plot of the simulated effluent NH3 concentration versus the recycle ammonia load represented as a percentage of the influent TKN load (i.e., NH3recycle· Qrecycle/TKNinfluent·Qinfluent x 100%). When there was enough reserve capacity in the treatment system ("Sufficient O2 and alkalinity") the recycle ammonia load could be as high as 30 to 40% of the influent TKN load without affecting the effluent NH3 concentration. On the other hand, if there was insufficient oxygen supply and/or insufficient alkalinity, the effluent ammonia concentration rose more rapidly and at much lower recycle loads. Low alkalinity had a greater negative impact overall than low oxygen supply.
Nitrification Capacity
Factorial Analysis
From the factorial screening analysis, the main factor effects (Fig. 5) revealed the effluent NH3 concentration was affected the most by the influent TKN and influent alkalinity while the temperature, liquid train SRT and digester hydrolysis rate (i.e., digester VSR) had much less influence. Although the temperature and SRT are well known to influence nitrification (Grady et al. 1999; Metcalf and Eddy Inc. 2003) , the chosen SRT range of 8 to 12 days did not go below the washout SRT of the nitrifying organisms over the chosen temperature range of 15 to 20°C, so it is not unexpected that the SRT had a small effect on the effluent NH3 concentration. The normal probability plot (Fig. 6 ) also showed there was a significant interaction between the influent TKN and influent alkalinity. This was not surprising because nitrification is alkalinity dependent.
An analysis of variance (ANOVA) was conducted using a model that included all five main factors and two interactions as listed on the normal probability plot (Fig. 6 ). The ANOVA (Table 5) indicated that all factors included in the model were statistically significant at a significance level of α = 0.05. However, for α = 0.01 the hydrolysis rate would no longer be significant. In terms of their contribution to the variation of the effluent NH3 concentration, the influent TKN, influent alkalinity and their interaction accounted for 98.3% of the total sum of squares. Figure 7 shows the effluent ammonia concentrations for two digester VSRs, 47% and 66% (daily average), as well as the time-varying influent TKN load. The minimum effluent NH3 concentration does not occur at the same time as the minimum influent TKN load because of the lag created by the detention of liquid in the treat- ment train. The variation in influent load (peak factor approximately 1.4) caused a large variation in effluent NH3 concentration over the course of one day. At 47% VSR, the effluent NH3 concentration varied from a low of 0.6 mg-N/L around noon to a high of 1.5 mg-N/L at midnight. At 66% VSR, the diurnal trend in effluent ammonia concentration was the same but on average 0.1 mg-N/L higher than for 47% VSR, ranging from a low of 0.7 mg-N/L to a high of 1.6 mg-N/L. The maximum difference between the effluent NH3 concentrations for each VSR was 0.2 mg-N/L. Thus, the diurnal variation in effluent NH3 concentration (0.9 mg-N/L) was about 9 times higher than the average increase in effluent NH3 concentration at the higher VSR.
Dynamic
Discussion
Advanced digestion upgrades were simulated by adjusting an anaerobic digestion model parameter in order to achieve different volatile solids reductions. When the simulated VSR was increased from 47 to 65%, the recycle ammonia, alkalinity and total phosphorus concentrations increased by factors of 1.5, 1.5 and 1.4, respectively, while the BOD and TSS concentrations decreased by factors of 2.8 and 1.4, respectively. These results illustrate that upgrading from conventional mesophilic digestion to advanced digestion can significantly increase the recycle nutrient loads. Because this study only evaluated the impact of higher recycle ammonia concentrations, further evaluations should be conducted to assess the impact of higher recycle phosphate concentrations on any chemical or biological phosphorus removal processes in the liquid train. In this study, although the recycle ammonia load increased by 50%, the percent of the total liquid train TKN load due to recycle only increased by 4.5%. The increase in the total liquid train load is not in the same proportion to the increase in recycle load. Even at a high VSR of 65%, Biowin predicted the effluent ammonia concentration would remain unchanged from that of conventional mesophilic digestion. Although this might suggest that upgrading to advanced digestion would not increase the effluent ammonia concentration, the liquid train simulated for both the Baseline and Advanced Digestion cases had a "high" nitrification capacity because the dissolved oxygen was held at 2.0 mg/L and there was sufficient alkalinity. However, if either the dissolved oxygen or alkalinity limited nitrification, the capacity of the liquid train to assimilate the increased recycle ammonia load was reduced, as illustrated by the nitrification capacity assessment (Fig. 4) .
It also appeared from Fig. 4 that alkalinity was more critical than oxygen supply for ensuring lower effluent ammonia concentrations. Some alkalinity was recycled from the anaerobic digester because bicarbonate alkalinity is produced during the ammonification of nitrogen-containing organic matter such as protein, as shown in equations 1 and 2 (Speece 1996) . R-CHNH2COOH + 2 H2O → R-COOH + NH3 + CO2 + 2 H2 (1)
Therefore each mole of ammonium nitrogen recycled to the liquid train from the anaerobic digester also had associated with it one mole of bicarbonate alkalinity equivalent to 3.6 g alkalinity as CaCO3/g NH4 + -N (Rittmann and McCarty 2001) . However, the subsequent nitrification of the recycled ammonia consumed alkalinity. Equation 3 shows an overall balanced equation for the complete oxidation of ammonium to nitrate, assuming an SRT of 15 days and the fraction of electrons going to synthesis of 0.067 (Rittmann and McCarty 2001 
The alkalinity consumed in this process will be 7.05 g CaCO3/g NH4 + -N leading to a net alkalinity deficit of 3.45 g CaCO3/g NH4 + -N recycled. This alkalinity deficit must be made up by the alkalinity contained in the influent wastewater. Thus, the extra ammonia recycled due to an advanced digestion upgrade may be more of a problem when the raw sewage is low in alkalinity.
At a full-scale wastewater treatment plant there are large diurnal, daily, monthly and seasonal variations in both wastewater flow and constituent concentrations (Metcalf and Eddy Inc. 2003) . For example, the peak hourly influent TKN load can be 1.4 times higher than the daily average TKN load (Metcalf and Eddy Inc. 2003) . The factorial analysis indicated that variations in the influent TKN and alkalinity accounted for practically all the variability of the effluent NH3 concentration. In addition, the dynamic simulation (Fig. 7) showed that changes in the anaerobic digester performance (i.e., VSR) had much less effect on the effluent ammonia concentration than the diurnal influent variations. This observation indicates that the effects of higher recycle NH3 loads may be minimized or eliminated by scheduling the dewatering to coincide with periods of low influent TKN load. Therefore, if an existing plant has adequate nitrification that can handle the diurnal peaks in TKN load, the higher recycle ammonia load due to an upgrade to advanced digestion can be managed so that there is little effect on liquid train performance unless the increase in recycle load is significant with respect to the diurnal peaks.
Conclusions
Computer modelling was used to investigate how increased recycle ammonia loads caused by upgrades to advanced digestion affect the liquid train effluent ammonia concentration. The following conclusions can be drawn from the current work:
1. If there is sufficient nitrification capacity to handle the diurnal variations in influent TKN load, the increase in effluent ammonia concentration due to an advanced digestion upgrade will likely be minor unless the increase in recycle NH3 load is significant in comparison to the diurnal variations. 2. Adjusting the sludge dewatering schedule so that the filtrate or centrate is recycled during periods of low influent TKN load should allow the existing liquid
